Abstract -This study aimed to characterize the importance of the sources of floral resource used by Centris analis to provision nests in acerola orchards (the West Indian cherry, Malpighia emarginata). Thirty-six pollen types were recognized in larval provisions, of which the most frequently found were M. emarginata (76 %), Cajanus cajan (11 %), Chamaecrista type 1 (3 %), and Solanum paniculatum (3 %). The pollen-type M. emarginata was registered in 98 % of the brood cells, with monthly frequencies from 30 to 99 %. The trophic niche breadth (H′) of the larvae of C. analis was 1.24, with monthly variations from 0.04 to 1.44. The richness of pollen types found in larval provisions of C. analis may be considered high compared to results obtained in other agrosystems with cultivated acerola. The high relative frequency of the pollen-type M. emarginata strongly affected trophic niche breadth and equitativity in the use of food resources. This crop provides floral resources (pollen and floral oils) needed by the pollinator C. analis throughout the year in the region. entomopalynology / floral resources / solitary bees / Centridini / crop pollinator
INTRODUCTION
The floral resources pollen, nectar, and oil are essential for the reproduction of Centris bees, an important group of pollinator bees. Most of these bees use floral oil as larval food and/or building material mainly for inner coating of brood cells and/or outer coating of the nest plug (Vinson and Frankie 2000; Jesus and Garófalo 2000) . Therefore, identification of plants that provide food resources needed for maintaining populations of Centris in different regions is a crucial step to define conservation strategies and provide information for the development of a management system for these species aiming at crop pollination.
Most studies on the use of floral resources by bees have been conducted by capturing bees while they are visiting flowers. This sampling method results in the collection of small samples of several species, not allowing for safe conclusions on the importance of some sources of resources used by each one of the species nor on the breadth and overlap of trophic niches. Cane and Sipes (2006) argued that taxonomic identification and numerical analysis of the pollen collected by bees to provision their brood cells offer a more straightforward and quantitative method for assessing bee diet breadth, with advantages over field observations. The analysis of nest-stored pollen has been widely used in research on the floral resources used by social bees in Brazil since the 1980s (Cortopassi-Laurino and Ramalho 1988; Ramalho et al. 1989, among others) . However, only recently, this methodology was used in studies of trophic niches of both solitary and parasocial native bees, such as Euglossa annectans (Cortopassi-Laurino et al. 2009 ), Epicharis nigrita (Gaglianone 2005) , and some species of Centris such as Centris tarsata (Dórea et al. 2010a; Gonçalves et al. 2012) , Centris caxiensis, Centris leprieuri, Centris aenea (Ribeiro et al. 2008) , and Centris analis (Oliveira and Schlindwein 2009; Dórea et al. 2010b; Rabelo et al. 2012) . Recently, used palynological data to study the use of pollen resources by several species of Centris and the pollination network Centridini bee-plants. The pollen resources used by species of Centris have also been under study in other tropical regions (Quiroz-Garcia et al. 2001 ; QuirozGarcia and de la Arreguin-Sánchez 2006; Roubik and Villanueva-Gutiérrez 2009) . Recently, Roubik and Villanueva-Gutiérrez (2009) also analyzed the pollen of larval provisions of C. analis to assess the impact of the exotic bee Apis mellifera on this native bee.
Few research studies on the food resources used by species of Centris in agroecosystems are available (Oliveira and Schlindwein 2009; Vilhena et al. 2012) in spite of their known importance as potential pollinators of several crops (Freitas et al. 1999 (Freitas et al. , 2002 Freitas and Paxton 1998; Gaglianone et al. 2010 ) and of the fact that traits found in some of its species may lead to the possibility of management for crop pollination. Also recently, Oliveira and Schlindwein (2009) analyzed the larval provisions of C. analis in nests established in acerola orchards (the West Indian cherry Malpighia emarginata) and emphasized the large potential for the species to be managed as an acerola pollinator in Brazil. However, a management system for C. analis can only be developed after studies on the resources needed for maintaining its population in different regions, a gap this work will help to fill, as well as on other issues of its population biology not addressed in this study.
Our study was conducted to enhance knowledge on the food resources required to sustain pollinator bee populations in acerola orchards by identifying and characterizing the importance of each source of floral resource used by C. analis to provision nests in a crop area in northeastern Brazil. These data will be useful to recognize differences in the diet of populations living in crop areas in different regions where M. emarginata has been cultivated.
MATERIALS AND METHODS

Research site
Sampling was conducted in Feira de Santana, state of Bahia, Brazil. The regional climate is tropical semiarid, with rainfall approximately 800 mm/year and rains concentrated between November and May, and a mean annual temperature of 24°C (CEI 1994) . The acerola orchard of approximately 350 trees was located in a 2-ha family farm (12°17. 3′ S/38°58. 9′W). Cassava (Manihot sculenta), corn (Zea mays), beans (Phaseolus vulgaris), and pigeon peas (Cajanus cajan) were grown in small plots both within the farm and in nearby family farms. Although sparse, both ruderal plants and plants of agricultural importance (Anacardium occidentale, Tamarindus indica, and Mangifera indica) were found.
Sampling and analysis of the larval provisions
Trap nests made of cardboard straws, measuring 8 mm in diameter and 5 and 10 cm in length, were inserted in perforated wooden blocks and placed in the orchard to obtain both the nests of C. analis and the samples of the pollen used to provision the brood cells. Nests were collected once a month for 12 months (September 2009 to August 2010). They contained offspring in the egg stage or larva of the first instars. Following nest removal, two nests of C. analis were open each month for collection of stored pollen. The nests of C. analis were identified Provisions of C. analis in Acerola orchard following the description by Jesus and Garófalo (2000) , according to nest architecture (mainly the presence of a vestibular cell) and the plant material used to build the brood cells. Larval provisions found in other eight nests of C. analis established between November 2008 and April 2009 in the same orchard also were collected using the same methods. Each sample consisted of the pollen collected from each brood cell, a total of 55 samples obtained from 32 nests. Each pollinic sample was kept for at least 24 h in glacial acetic acid. The samples were treated by acetolysis (following Erdtman 1960) . Five slides were prepared for each sample; safranin-colored glycerin jelly was used in three slides. At least 200 pollen grains were counted in each slide, a minimum total of 1,000 grains for each brood cell and a total of 63 thousand grains. The term "pollen type" was used to refer to the morphological type of pollen grain, following Joosten and Klerk (2002) . The pollen types were photographed and identified by comparison either with the specialized bibliography or with the reference materials available in the palynotheca at Plant Micromorphology Laboratory, Universidade Estadual de Feira de Santana.
The monthly and total relative frequencies (RF) of each pollen type were calculated by the ratio between the number of grains of each registered pollen type (monthly and in the whole period) and the total number of grains counted each month and during the whole sampling period, respectively. We recognized a plant species as a pollen source if the relative frequency of the pollen type was higher than 10 % in one or more months and if there are published data referring to the pollen production by that plant. The trophic niche breadth of larvae was calculated using the Shannon index (H′0−∑ pk×lnpk), where pk is the ratio between the number of counted grains for each pollen type (k) and the total number of counted pollen grains. The equitativity in the use of sources of floral resources by C. analis was calculated using the Pielou index (J′0H′/H′ max ).
Sample constancy (SC) was calculated as the ratio between the number of samples where each pollen type occurred and the total number of analyzed samples (n055) and was used to assess the distribution (presence/absence) of each pollen type among the 55 samples. The distribution of each pollen type throughout the sampling period was obtained by calculating the temporal constancy (TC) of each pollen type as the ratio between the number of months when each pollen type was registered and the total number of months analyzed (n018). We used pollen incidence data to build a rarefaction curve and to compare the observed with the expected richness of pollen types using the estimators Chao 2, Jacknife first order (Jack 1), and bootstrap, randomized 100 times, with Estimates v. 7.5.2 (Colwell 2005) .
Data on the monthly abundance of acerola flowers in this orchard were collected from 14 marked plants, from September 2009 through August 2010. The objective was to support the evaluation of the importance of acerola pollen as larval food for C. analis based on the number of pollen grains. These data are also useful to determine whether the availability of floral resources of M. emarginata affects the collection of floral resources from other plants by nesting females. Flowers and flower buds were counted monthly, one branch per treetop quadrant (north, east, south, and west) of each marked tree, a total of four branches per tree.
RESULTS
Relative frequency and constancy of pollen types in the samples
Thirty-six pollen types from 20 botanical families were found in the larval provisions of C. analis (Table I) . Seven of them were seldom registered (one to two grains) and may not show plants visited by C. analis for the collection of floral resources. Two to 11 pollen types were found per brood cell. The rarefaction curve showed that more pollen types would probably be added with increasing sampling effort.
Comparison of the rarefaction analyses with the number determined by Chao 2, Jack 1, and bootstrap richness estimators revealed that 74.1-85.8 % of the estimated richness of pollen types was covered by the sampling effort ( Figure 1) .
Leguminosae, Malpighiaceae, and Malvaceae had the greatest richness of pollen types (8, 4, and 4, respectively) registered in brood cells of C. analis. By grouping the relative frequencies Table I . Relative frequency and constancy of the pollen types in larval provisions of C. analis, trophic niche breadth of the larvae (H′), and equitativity ( of the pollen types per botanical family, we observed that Malpighiaceae, Leguminosae, and Solanaceae had the highest quantitative importance in the diet of the larvae of C. analis. Altogether, the four pollen types related to Malpighiaceae represented 77.3 % of the total pollen grains counted, whereas the pollen types related to Leguminosae and Solanaceae represented 14.3 and 3.3 % of the total, respectively. Four pollen types were the most representative in the samples: M. emarginata (Malpighiaceae), with the highest relative frequency (75.6 % of the total pollen grains counted), followed by C. cajan (Leguminosae) (10.5 %), Chamaecrista type 1 (Leguminosae, 3.3 %), and Solanum paniculatum (Solanaceae, 3.0 %). Twenty-nine of the 36 pollen types occurred at <1 % frequency (Table I) (Table I) .
The analysis of SC of pollen types revealed the presence of M. emarginata in 54 of the 55 brood cells studied (SC098 %). Other pollen types with high constancy were S. paniculatum (SC 058 %), C. cajan (SC 045 %), and Chamecrista type 1 (SC044 %). Eight types were present in only 1 of the 55 brood cells analyzed, with very low constancy (Table I) . Five pollen types were found in larval provisions of C. analis for longer periods of time, thus with high TC: M. emarginata, registered during the 18 months (TC 0100 %), S. paniculatum (14 months, TC 078 %), C. cajan and 
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Chamaecrista type 1 (11 months, TC061 %), and A. occidentale (9 months, TC050 %; Table I ).
Trophic niche breadth
The trophic niche breadth of larvae of C. analis for the whole sampling period was 1.24. Monthly breadths varied from 0.04 to 1.44, usually below 1.00 (Table I) , except for January and April 2009 and August 2010 when the highest values were found (H′01.01, 1.44, and 1.03, respectively). The frequency of the pollen of M. emarginata in the diet of larvae of C. analis during these months was a little lower than in most months, particularly in January and April 2009, when the monthly frequencies in the samples were 48 and 30 %, respectively (Table I) . During these months, the highest equitativities in using floral resources were also observed (J′00.73 in January and J′00.69 in April 2009) as a result of the numerical increase of other pollentypes in the provisions. In April 2009, when the trophic niche breadth of larvae of C. analis was the highest (H′01.44), eight pollen types were registered in the larval provisions. Among these, Croton (32 % of monthly relative frequency), M. emarginata (30 %), S. paniculatum (22 %), and Chamaecrista type 1 (13 %) were important as floral resources for larvae. In January 2009 (H′01.01), in addition to the pollen of M. emarginata (48 %), two other pollen sources were important: S. megalonyx (14 %) and, mainly, S. paniculatum (38 %). In August 2010 (H′ 01.03), M. emarginata (66 %) and P. mucronata (22 %) were the most important sources of pollen for C. analis (Table I) .
From September 2009 through August 2010, when data on acerola flowering were collected, the larvae of C. analis had the highest trophic niche breadth in months when acerola plants were not blooming in this orchard, such as August (H′0 1.03) and May (H′00.80; Figure 2 and Table I ). The number of pollen types registered was high (13 in August and 11 in May), leading to higher trophic niche breadths. Nevertheless, acerola pollen continued to be one of the important components (56-66 % of the counted grains) of the larval provisions of C. analis during these months. The equitativity in the use of resources was relatively low in this period (J′00.40 in August, J′00.33 in May) due to the major contribution of few pollen types (M. emarginata, P. mucronata, and C. cajan) for the composition of the larval provisions. During that period, the lowest values were recorded for trophic niche breadth both in months of low acerola flower production, such as October 2009 (H′00.32), November 2009 (H′00.15), and February 2010 (H′00.29), and in months of high flower production, such as March 2010 (H′00.39; Figure 2 and Table I ). Common to all months with low trophic niche breadths were the importance of M. emarginata in larval diet (between 92 and 98 %) and the low equitativity in resource use (J′00.07-0.18; Table I ).
DISCUSSION
Richness of the sources of floral resources
The richness of pollen types found in the larval provisions of C. analis in our study may be considered high compared to the results obtained in two different areas with acerola, with three and six pollen types registered in the larval provisions of C. analis (Oliveira and Schlindwein 2009) . Quiroz-Garcia et al. (2001) recognized 17 pollen types in the larval provisions of C. analis in a tropical decidual forest in Mexico. The richness of the pollen types found in our study may be related to the presence of ruderal plants within and around the orchard, considering that the removal of ruderal plants is not a frequent agricultural practice in local farms. The richness of pollen types registered in our study may also have been due to the length of the sampling period (18 months) and the number of nests (n032) and brood cells, which were higher than in similar studies (Quiroz-Garcia et al. 2001; Oliveira and Schlindwein 2009; Dórea et al. 2010b) , where pollen samples were collected from nests in 1-4 months or both. On the other hand, more pollen types would probably be added with increasing sampling effort in our study. The strongest evidence that the number of nests and sampling period affect the richness of the pollen types found in larval provisions of C. analis has been provided by Roubik and Villanueva-Gutiérrez (2009) in a 9-year study conducted in a mature forest in Mexico. They collected a large number of nests (n0350) and found 72 species of plants used as major pollen resources by C. analis. They observed large variations in the richness of pollen types in nests of C. analis and megachilids in different years and concluded that the summed richness in the major pollen resources for C.
analis was related to the number of nests examined, suggesting that C. analis is generalist in pollen choice.
Use of pollen, nectar, and floral oils
Five pollen types had higher temporal constancy in larval provisions of C. analis. Four of them (M. emarginata, C. cajan, S. paniculatum, and Chamaecrista type 1) had a relative frequency over 10 % in at least 2 months. This suggests that the plant species related to these pollen types are Provisions of C. analis in Acerola orchard visited by females of C. analis to obtain pollen. Studies have shown that M. emarginata and S. paniculatum provide pollen for Centris bees in other regions (Aguiar et al. 2003; Oliveira and Schlindwein 2009; Dórea et al. 2010a ).
Chamaecrista type 1, a pollen type related to pollen provider plant species (Aguiar et al. 2003; Dórea et al. 2010a) , was recorded in larval provisions of C. analis in 11 months. However, its low frequency indicates that the species is a somewhat important source of pollen in the diet of larvae of C. analis in short periods of time, the same occurring with P. mucronata, Croton, B. vaciniifolia, and S. megalonyx. Croton has been recognized as a source of pollen to A. mellifera ("secondary pollen," with percentage between 15 and 45 %) based on the frequency of that pollen type in pollen samples (Novais et al. 2009 ).
The choice of pollen sources by females of C. analis in the study site had a relatively narrow spectrum, or eight pollen types. The most frequent and/or the most constant ones were M. emarginata, C. cajan, Chamaecrista type 1, and S. paniculatum, whereas Croton, P. mucronata, B. vaciniifolia, and S. megalonyx were less important. Pollen types related to other plant species mentioned in the literature as pollen sources for bees were not frequent enough in our study (relative frequency of <10 % in all months analyzed) to be included as pollen resources for females of C. analis. Other palynological studies of larval provisions in natural vegetation have shown similar trends of foraging concentration on a few pollen resources by C. analis (QuirozGarcia et al. 2001; Dórea et al. 2010b; Roubik and Villanueva-Gutiérrez 2009; Rabelo et al. 2012 ) and other species of the genus, such as Centris nitida (Quiroz-Garcia et al. 2001) , C. tarsata (Dórea et al. 2010a) , and Centris trigonoides (Quiroz-Garcia et al. 2001) . Dórea et al. (2010b) recognized three pollen sources for C. analis (Banisteriopsis muricata, B. vaciniifolia, and Chamaecrista ramosa), whereas three pollen sources were recognized for C. tarsata (C. ramosa, Senna rizzini, and S. paniculatum; Dórea et al. 2010a ). Roubik and Villanueva-Gutiérrez (2009) found six major pollen genera for C. analis, constituting 70 % of the pollen stored in the nests. This study by Roubik and Villanueva-Gutierrez (2009) showed that C. analis substitutes for major pollen sources in different years and that the richness of pollen types stored in its nests may vary significantly from year to year, with one to nine dominant pollen species shared between years.
The high relative frequency of the pollen of M. emarginata in the larval provisions of C. analis in the studied orchard makes it the main pollen source for this species of Centris, as found by Oliveira and Schlindwein (2009) in acerola orchards near the Atlantic Forest in northeastern Brazil. For them, the abundance of pollen and floral oils in acerola orchards reduces the energy costs by females while foraging, which may explain the high fidelity of C. analis to flowers of M. emarginata in crop areas. B. vaciniifolia, Stigmaphyllon, and Malpighiaceae type 1 had low level of representation in provisions of C. analis in our study, indicating that the plant species related to these pollen types are locally used as floral oil sources, but there is also an indication that B. vaciniifolia can be visited for pollen. Dórea et al. (2010a, b) considered B. vaciniifolia as an important oil source for C. tarsata and C. analis in a natural Caatinga vegetation and as an important local pollen source for C. analis due to the high frequency of that pollen type.
The high relative frequency of M. emarginata pollen in samples of larval provisions every month apparently was not directly dependent on the amount of acerola flowers in the orchard because M. emarginata was numerically important (>90 %) in the diet of larvae of C. analis even in months of low flower production. Bees nesting in our trap nests may have collected pollen also from nearby acerola orchards, and the sampling of 14 marked plants may not have been enough to characterize the periods of flower production in the entire region.
The pollen spectrum registered in the nests of C. analis suggested females exploiting several sources of nectar throughout the sampling period. Plant species related to the pollen types A. occidentale, Bowdichia virgilioides, Melochia/ Waltheria type 1, and Passiflora, which had higher temporal constancy but low monthly relative frequencies, are probably the most important sources of nectar for larvae of C. analis in that area. Some of these plants have been identified as sources of nectar for bees (Aguiar et al. 2003; Novais et al. 2009 ).
At first sight, the composition of larval provisions of C. analis seems to suggest that it engages in a broadly polylectic foraging behavior (characterized by the collection and use of pollen from several plant genera and species, including many non-phylogenetically related ones) because a high richness of pollen types associated with a variety of botanical families was found in the provisions. These results corroborate those obtained in the long-term study conducted by Roubik and Villanueva-Gutiérrez (2009) . On the other hand, only part of the pollen types found in nests of C. analis indicate the pollen resources used by the species (Dórea et al. 2010a ; this study). Therefore, in order to draw consistent conclusions about the degree of polylecty of a bee species, we must analyze not only the richness of pollen types but mainly the relative frequency of each pollen type in nests. This would grant greater support for the inferences concerning the number of pollen sources the species uses to provision its brood cells. Furthermore, the accurate description of the important pollen spectrum for each bee species can only be undertaken after multi-annual studies are conducted, which may show substitutions in the major pollen between years.
Trophic niche breadth of larvae
The high frequency of the pollen-type M. emarginata in larval provisions of C. analis strongly influenced trophic niche breadth (H′) and the equitativity (J′) in floral resource use by the bee in time. The highest H′ and J′ values were observed in months when less pollen grains of M. emarginata were found in nests of C. analis and more intensive foraging for pollen from alternative floral resources occurred. On the contrary, low niche breadths were registered in months with strong predominance of pollen of M. emarginata in larval provisions of C. analis, independently of the number of floral resource sources (inferred by the number of pollen types) used by females of this species of Centris in any specific month.
Results from a study by Rabelo et al. (2012) , on the niche breadth in C. analis based on larval provisions in two areas covered by Cerrado vegetation in Brazil, were H′00.78 (ESAL) and H′00.95 (PES). The niche breadth (H′) for larvae of C. analis in Feira de Santana was relatively higher (H′01.24) than in these two Cerrado areas. Few pollen types had high relative frequency in the samples, in Feira de Santana, ESAL, and PES, indicating that foraging for pollen was concentrated on a few plants. In Feira de Santana, M. emarginata pollen had a high level of representation (∼76 %), whereas in both Cerrado areas, native species of Malpighiaceae (Heteropterys spp.) were the most frequent pollen types (80 % of the grains at ESAL and 70 % at PES).
Quiroz-Garcia et al. (2001) found, in a tropical decidual forest in Mexico, a trophic niche breadth to C. analis (H′01.58) higher than the value we found in the semiarid Brazilian northeast (H′01.24), even though the richness of pollen types they found into the nests was about half of what we found (17 versus 36). Few pollen types were represented over 10 % in the larval provisions of C. analis in both of these studies, and that has affected the values of the H′ index down. On the other hand, Roubik and Villanueva-Gutiérrez (2009) found 72 pollen types in nests of C. analis, which could result in greater niche breadth than those found in other studies.
Final considerations
The presence of M. emarginata in the larval provisions of C. analis means that acerola provides the pollen and floral oils needed by the pollinator throughout the year in the region. However, supplemental pollen sources are needed in the periods of flower scarcity in non-irrigated crops, which can be solved by intercropping acerola and pigeon pea (C. cajan) in small farms, in addition to agricultural practices friendly to pollinators, which provide pollinator bees with higher pollen and nectar production, such as the maintenance of stripes of ruderal plants around the Provisions of C. analis in Acerola orchard orchards. Nectar demand by C. analis and other crop pollinators can be supplied by encouraging the growth of plants that can offer nectar abundantly, such as the cashew tree (A. occidentale), which can be used both for human consumption and for the local small-scale economy.
